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Available online 3 May 2016MicroRNAs (miRNAs) are a class of naturally occurring, endogenous, small non-coding RNAmolecules that play a
crucial role in post-transcriptional gene regulation either by directing mRNAs for cleavage or translational
repression. Plant miRNAs show near-perfect complementarity to their target mRNAs. Podophyllum hexandrum
is an endangered medicinal plant. The rhizome and roots of P. hexandrum contain podophyllotoxin that possess
antitumor activity. Several miRNAs have been identiﬁed in different plant species to date but, miRNAs and their
target genes are still unknown in P. hexandrum. In the present study, a total of 60 mature miRNAs and 6 pre-
miRNAswere identiﬁed in P. hexandrum by 454 pyrosequencing. Quantitative real-time PCRwas used to validate
the expression levels of some of the identiﬁed miRNAs. The P. hexandrummiRNAs targeted a variety of mRNAs.
Gene ontology (GO) analysis of these target genes revealed 13 different biological processes. Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis revealed that the identiﬁedmiRNAs regulate various metabolic
pathways, especially biosynthesis of secondarymetabolites. Our research work provides some elementary infor-
mation about miRNA mediated regulation of secondary metabolite biosynthesis in P.hexandrum.
© 2016 Elsevier B.V. All rights reserved.Keywords:
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miRNAs are ∼22 nt small, single-stranded, and non coding RNA
molecules that play important roles in gene regulation (Bartel, 2004).
The biogenesis of miRNAs involves a series of events. miRNA genes
are transcribed by RNA Pol II, resulting in formation of capped
and polyadenylated miRNA precursors (pri-miRNA). pri-miRNAs
containing special stem-loop structures are then processed by the
RNase III enzymeDicer-like 1 (DCL1), aided by the dsRNAbinding protein
HYL1 to produce a duplex intermediate (miRNA:miRNA*) (Bartel, 2004;
Jones-Rhoades et al., 2006; Mallory et al., 2008). One unique feature of
plant miRNA processing is the addition of a 5′ 7-methylguanosine
cap byHua Enhancer 1 (HEN1), a nuclear RNAmethyl transferase protein
(Yu et al., 2005). After methylation, the miRNA:miRNA* duplex is
transported to cytoplasm by HASTY, a plant protein orthologous
to exportin 5 (Bollman et al., 2003). The mature miRNA strand isAlignment Search Tool X; C,
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GO, gene ontology; GSS, geno-
irus; miRNA, micro ribonucleic
EI, minimal folding free energy
phyllum hexandrummicro ribo-
cid; qRT-PCR, quantitative real
ired energy.
iswas), sapta.hazra@gmail.comincorporated into an RNA-induced silencing complex (RISC), whereas
the miRNA* strand is eventually degraded (Guo and Lu, 2010). However,
some recent reports have shown that the miRNA* molecules can act as a
functional component andmay control gene regulation (Yang et al., 2013;
Shan et al., 2013). The earlier classiﬁcations of guide (miRNA) andpassen-
ger strand (miRNA*) has been replaced by miRNA-5p and miRNA-3p,
respectively. RISC contains AGRONAUTE protein (AGO) that direct the
mature miRNA to regulate target gene expression either by inhibiting
translation or by degrading coding mRNAs (Carrington and Ambros,
2003; Djuranovic et al., 2011). In addition, miRNA mediated transcrip-
tional gene silencing (TGS) through DNA methylation or chromatin
modiﬁcation has been reported in plants (Zilberman et al., 2003; Bayne
andAllshire, 2005). PlantmiRNAs bind to targetmRNAswith near perfect
complementarity between themiRNA and the target site (Carrington and
Ambros, 2003). The ﬁrst miRNA (lin-4) was reported in Caenorhabditis
elegans that was involved in gene regulation during larval development
(Lee et al., 1993) and the ﬁrst plant miRNAwas discovered in Arabidopsis
by small RNAs cloning (Reinhart et al., 2002).
In plants, miRNAs play vital roles in leaf development (Mallory et al.,
2004; Palatnik et al., 2003), anther development (Millar and Gubler,
2005), cell differentiation (Garcia, 2008), regulation of ﬂowering time
(Aukerman and Sakai, 2003), organ polarity (Reinhart et al., 2002;
Rhoades et al., 2002) and response to environmental stress (Zhou
et al., 2008). Apart from these, plant miRNAs also regulate secondary-
metabolite biosynthesis (Robert-Seilaniantz et al., 2011; Ng et al.,
2011; Boke et al., 2015). Cloning of small RNAs used to be an essential
method for discovery of conserved as well as novel microRNAs
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computational methods facilitated identiﬁcation of a large number of
miRNAs in different organisms. Expressed sequence tags (ESTs) and ge-
nomic survey sequences (GSSs) have helped to identify several miRNAs
in different plant species (Zhang et al., 2008; Yin et al., 2008; Colaiacovo
et al., 2010). Next-Generation Sequencing (NGS) is a useful method to
ﬁnd novel miRNAs in plants lacking information of whole genome se-
quence (Fahlgren et al., 2007; Sunkar et al., 2008; Pantaleo et al.,
2010; Puzey et al., 2012).
Podophyllum hexandrum Royle (Himalayan Mayapple) is an
endangered, perennial, succulent herb that belongs to the family
Berberidaceae. It is distributed in Afghanistan, Tibet, Himalayan areas
of Pakistan and India, Bhutan and China. The rhizomes and roots
of P. hexandrum are known to contain lignans (podophyllotoxin,
podophyllotoxone, podophyllin, demethylpodophyllotoxin etc.)
and ﬂavonoids (quercetin, kaempferol) (Singh and Shah, 1994).
Podophyllotoxin is effective against a plethora of diseases. It can be
used as an antihelminthic, antifungal, purgative, laxative, chologogue,
and is also helpful in treating cancer, intestinal worms, warts and
tumorous growth on the skin (Kalpan, 1942; Chatterji, 1952; Kao,
1992; Chang et al., 1992). Podophyllotoxin acts as a mitotic spindle poi-
son, thereby arresting cell division in metaphase (King and Sullivan,
1946; MacRae and Towers, 1984). The anticancerous property of
podophyllotoxin has increased its demand throughout the world and
it is used as the starting compound for the chemical synthesis of
etoposide (VP-16-213), teniposide (VM-26) and etopophos (Stahelin
and Wartburg, 1991; Clark and Slevin, 1987; Baker et al., 1995). These
compounds are used as anti-tumor agents in lung cancer, leukemia
and other solid tumors (Pandey et al., 2007). Aqueous extract of
P. hexandrum exhibits anti-inﬂammatory activity (Prakash et al.,
2005). A dichloromethane extract of P. hexandrum acts as an insecticide
and is used against Drosophila melanogaster larvae (Miyazawa et al.,
1999). Podophyllotoxin derivatives have also been proved to be effec-
tive against HIV-1 infection (Chen et al., 2007). P. hexandrum has been
used in traditionalmedicine to treat ulcers, fever, jaundice and liver dys-
function (Borgia et al., 1981; Peirce, 1999; Babu et al., 2003).
P. hexandrum is an important medicinal plant, but no work has been
done onmiRNA identiﬁcation and their target prediction in this plant. In
the present study, we used 454 pyrosequencing to identify potential
miRNAs in P. hexandrum. Different bioinformatics tools were used in
our study to explore the roles of thesemiRNAs in the secondary metab-
olites biosynthesis pathways. We used cell suspension culture for
performing 454 pyrosequencing as this exhibited a signiﬁcant amount
of podophyllotoxin content (Bhattacharyya et al., 2013). Since our goal
is to ﬁnd the gene/s that is/are involved in secondary metabolites/
podophyllotoxin biosynthesis pathway, we used these cell suspension
cultures for our study.2. Materials and methods
2.1. RNA extraction and 454 pyrosequencing
454 pyrosequencing of P. hexandrum transcriptomewas done earlier
in our lab (Bhattacharyya et al., 2013). To discuss the procedure in short,
total RNAwas extracted from 12 days old cell suspension cultures using
Purelink miRNA isolation kit (Invitrogen, USA) according to the
manufacturer's instructions. cDNA library was created following the
standard protocol (cDNA Rapid Library Preparation Method Manual,
GS FLX Titanium Series). Next, ds-cDNA synthesis was carried out
using a cDNA synthesis kit (Roche Diagnostics, Switzerland) which
was then subjected to fragment end-repair. This was followed by adap-
tor ligation using the Rapid Library Prep kit (Roche Diagnostics). The
cDNA library was ampliﬁed by an emPCR ampliﬁcation method accord-
ing to the standard protocol (Roche Diagnostics). The cDNA library was
sequenced using the GS-FLX System (Roche Diagnostics).2.2. miRNA identiﬁcation
The miRBase sequence database is a primary, online repository
which contains sequences of known and publishedmiRNAs. To discover
potential miRNAs in P. hexandrum, transcripts weremapped against the
mature and precursor sequences of known plant miRNAs that were de-
posited in miRBase v21.0 database using CLC genomics workbench. A
maximum of two mismatches was allowed for this alignment. The in-
sertion and deletion cost were set to 3.
2.3. Prediction of secondary structure
Precursor sequences of the miRNA as identiﬁed by miRBase, were
subjected to stem-loop hairpin structure prediction using RNAfold
(Hofacker, 2003). RNAfold from Vienna RNA package is a free software
that applies a variety of algorithms to predict RNA secondary structure.
It also predicts minimal free energy (MFE) of pre-miRNAs. MFE index
(MFEI) can be calculated by the formula MFEI = MFE × 100/
[length × (G+ C)%], where length is the length of pre-miRNA sequence
and MFE denotes the negative folding free energy (−ΔG) (Zhang et al.,
2006).
2.4. Prediction of miRNA targets
To predict putative target genes of P. hexandrummiRNAs, we used
psRNATarget, a small plant RNA target prediction server (http://
plantgrn.noble.org/psRNATarget/). The following default parameters
were used to identify target genes: assessing target-site accessibility
by setting maximum unpaired energy (UPE) to 25; length for comple-
mentarity scoring to 20; for target accessibility analysis the ﬂanking
length around the target site was kept at 17 bp in upstream and 13 bp
in downstream; range of centralmismatch that leads to translational in-
hibition was set at 9–11 nt positions; number of top target genes for
each small RNA was set to 200; and lastly a maximum expectation
value of 3.0 was used. The analysis performed by the server depends
on reverse complementary matching between small RNA and target
gene, and target-site accessibility evaluation by calculating unpaired en-
ergy (UPE) (Dai and Zhao, 2011).
2.5. Analysis of GO and KEGG pathway
Blast2Go (Conesa et al., 2005; Conesa andGötz, 2008)was employed
to understand the functions of the putative target genes. The targeted
mRNA sequences were used to perform BLASTX against nonredundant
database with an E-value of 1e−6. The hits obtained by BLASTX analysis
were mapped to the GO database in order to depict the target genes in
terms of their biological processes, cellular components, and molecular
functions. The enzyme commission (EC) numbers were mapped to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database to ﬁnd
out various biological pathways that are targeted by the respective
miRNAs.
2.6. Validation of miRNAs through stem–loop RT-PCR
To validate various miRNAs found in P. hexandrum, we performed
stem-loop qRT-PCR as reported earlier (Varkonyi-Gasic et al., 2007)
with the following alterations. miRNA molecules were extracted from
calli of P. hexandrum by using a mirPremier microRNA isolation kit
(Sigma-Aldrich, USA) according to the manufacturer's instructions and
quantiﬁed using NanoDrop technology. miRNA (100 ng), 0.5 μl 10 mM
dNTP mix, 1.0 μl 5 μM stem-loop RT primers, and nuclease free water
bringing to a ﬁnal volume of 10 μl were mixed and heated at 65 °C for
5 min and then incubated on ice for 2 min. Then, 4.0 μl RT buffer (5×),
2.0 μl DTT (0.1 M), 0.2 μl RiboLock RNase Inhibitor (20 U/μl) and
0.25 μl RevertAid H Minus Reverse Transcriptase (200 U/μl) were
added to the reaction mixture and the ﬁnal volume adjusted to 20 μl.
Table 1
Identiﬁcation of P. hexandrummature miRNA sequences by 454 pyrosequencing and subsequent analysis.
miRNA family miRNA Read length
(nt)
Mismatch
(nt)
Homologous
miRNA
Plant species
172 phe-miR172a 21 0 mtr-miR172a Medicago truncatula
phe-miR172 21 0 ghr-miR172 Gossypium hirsutum
phe-miR172c 22 0 csi-miR172c Citrus sinensis
phe-miR172i 21 0 ptc-miR172i Populus trichocarpa
phe-miR172d 23 0 vvi-miR172d Vitis vinifera
phe-miR172d 21 0 tcc-miR172d Theobroma cacao
phe-miR172 23 0 aau-miR172 Acacia auriculiformis
phe-miR172d 21 0 bdi-miR172d Brachypodium distachyon
phe-miR172f 21 0 sbi-miR172f Sorghum bicolor
395 phe-miR395a-5p 23 0 zma-miR395a-5p Zea mays
397 phe-miR397a 22 0 bna-miR397a Brassica napus
phe-miR397b 22 0 bna-miR397b Brassica napus
398 phe-miR398b 21 0 mtr-miR398b Medicago truncatula
phe-miR398c 21 0 mtr-miR398c Medicago truncatula
phe-miR398b 21 0 ptc-miR398b Populus trichocarpa
phe-miR398a 21 0 cme-miR398a Cucumis melo
phe-miR398a-3p 21 0 zma-miR398a-3p Zea mays
phe-miR398b 21 0 vvi-miR398b Vitis vinifera
phe-miR398b 21 0 mdm-miR398b Malus domestica
phe-miR398c 21 0 mdm-miR398c Malus domestica
phe-miR398a 21 0 bdi-miR398a Brachypodium distachyon
phe-miR398b 21 0 rco-miR398b Ricinus communis
phe-miR398c 21 0 gma-miR398c Glycine max
phe-miR398c-3p 21 0 ptc-miR398c-3p Populus trichocarpa
phe-miR398a 21 0 tcc-miR398a Theobroma cacao
phe-miR398 21 0 cca-miR398 Cynara cardunculus
phe-miR398 21 0 sbi-miR398 Sorghum bicolor
phe-miR398 21 0 hbr-miR398 Hevea brasiliensis
phe-miR398c 21 0 vvi-miR398c Vitis vinifera
phe-miR398b 21 0 osa-miR398b Oryza sativa
phe-miR398 21 0 tae-miR398 Triticum aestivum
phe-miR398b-3p 21 0 zma-miR398b-3p Zea mays
phe-miR398b 21 0 aqc-miR398b Aquilegia caerulea
phe-miR398 21 0 nta-miR398 Nicotiana tabacum
829 phe-miR829.1 24 0 ath-miR829.1 Arabidopsis thaliana
845 phe-miR845b-3p 21 0 aly-miR845b-3p Arabidopsis lyrata
1438 phe-miR1438 22 0 osa-miR1438 Oryza sativa
1533 phe-miR1533 19 0 gma-miR1533 Glycine max
1873 phe-miR1873 24 0 osa-miR1873 Oryza sativa
2275 phe-miR2275d 22 0 osa-miR2275d Oryza sativa
2673 phe-miR2673b 22 0 mtr-miR2673b Medicago truncatula
phe-miR2673a 22 0 mtr-miR2673a Medicago truncatula
3623 phe-miR3623-5p 22 0 vvi-miR3623-5p Vitis vinifera
4995 phe-miR4995 21 0 gma-miR4995 Glycine max
5021 phe-miR5021 20 0 ath-miR5021 Arabidopsis thaliana
5035 phe-miR5035 22 0 gma-miR5035 Glycine max
5141 phe-miR5141 24 0 rgl-miR5141 Rehmannia glutinosa
5162 phe-miR5162 24 0 osa-miR5162 Oryza sativa
5523 phe-miR5523 22 0 osa-miR5523 Oryza sativa
5532 phe-miR5532 22 0 osa-miR5532 Oryza sativa
5538 phe-miR5538 22 0 osa-miR5538 Oryza sativa
5539 phe-miR5539 22 0 osa-miR5539 Oryza sativa
5658 phe-miR5658 21 0 ath-miR5658 Arabidopsis thaliana
5783 phe-miR5783 22 0 gma-miR5783 Glycine max
6158 phe-miR6158a 22 0 nta-miR6158a Nicotiana tabacum
phe-miR6158b 22 0 nta-miR6158b Nicotiana tabacum
phe-miR6158c 22 0 nta-miR6158c Nicotiana tabacum
6173 phe-miR6173 20 0 hbr-miR6173 Hevea brasiliensis
6300 phe-miR6300 18 0 gma-miR6300 Glycine max
6478 phe-miR6478 21 0 ptc-miR6478 Populus trichocarpa
Table 2
Characteristics of predicted precursor miRNAs of P. hexandrummiRNAs.
miRNA Precursor length
(nt)
GC
(%)
AU
(%)
MFE
(−kcal/mol)
MFEI
value
phe-miR5141 162 49.38 50.61 33.50 0.42
phe-miR5538 123 46.34 53.66 31.80 0.56
phe-miR5523 84 29.76 70.24 16.70 0.67
phe-miR5539 76 50.00 50.00 30.40 0.8
phe-miR4995 90 47.78 52.22 26.70 0.62
phe-miR172d 93 62.37 37.63 18.10 0.31
84 S. Biswas et al. / Plant Gene 6 (2016) 82–89RT reaction was performed in a GeneAmp® PCR System 9700 (Applied
Biosystems, USA) for 30min at 16 °C, 30min at 42 °C, 5min at 85 °C and
then to hold at 4 °C. Real time PCR reactionwas carried in a ﬁnal volume
of 20 μl containing 2 μl cDNA, 10 μl FastStart Essential DNAGreenMaster
mix (2×), 1.0 μl forward primer (10 μM), 1.0 μl reverse primer (10 μM).
The reaction mixture was incubated in a LightCycler® 96 (Roche Diag-
nostics) at 95 °C for 5 min, followed by 35 cycles of 95 °C for 5 s, 60 °C
for 10 s, and 72 °C for 1 s. The primers used for stem-loop qRT-PCR are
given in Supplementary Table 2.
Fig. 1. Stem-loop hairpin structures of pre-miRNAs.
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Our lab previously performed 454 pyrosequencing (Bhattacharyya
et al., 2013) and now we present an in depth analysis of the identiﬁed
miRNAs in P.hexandrum. In spite of the fact that many studies has
been done on miRNAs in various plant species, miRNAs and their target
genes still remain unknown in a therapeutically important plant like
P. hexandrum. This study was carried out to identify target genes of
miRNAs present in P. hexandrum and their function.
3.1. Prediction of potential miRNAs in P.hexandrum
By performing 454 pyrosequencing of a P. hexandrum cell culture
transcriptome, we obtained 2,667,207 raw reads and 1,503,232 high
quality reads,with an average read length of 138 bp. The de novo assem-
bly by Newbler using optimized parameters generated 40,380 assem-
bled sequences, comprising 12,940 contigs and 27,440 singlets. To
discover potential miRNAs in P. hexandrum, transcripts were mapped
against the mature and precursor sequences of known plant miRNAs
that were deposited in the miRBase v21.0 database. The predicted
miRNAs belongs to 27 different families. Although differences were
observed in the number ofmembers of eachmiRNA family, themajorityof the predicted miRNAs belonged to the miR172 and miR398 families.
The miR398 family comprised the highest number, 22 members. This is
followed by the miR172 family with 9 members. Out of the remaining
25 families, 5 were comprised of 2–3 members and the rest of the 20
families had only one member (Table 1).
3.1.1. Characterization of pre-miRNAs
Among all the 60 P. hexandrum miRNAs, precursors for 6 miRNAs
were identiﬁed by 454 pyrosequening. The length of predicted precur-
sor miRNAs ranged between 76 and 162 nts, showing large variations
(Table 2). Length variations of pre-miRNAs were also reported in
previous studies (Barozai et al., 2012; Wang et al., 2012; Patanun
et al., 2013). Stem-loop hairpin structures of these pre-miRNAs were
obtained by using RNAfold (Fig. 1).
3.1.1.1. GC content, MFE and MFEI. G:C pairs should stabilize secondary
structures since there are three hydrogen bonds in G:C pairs and two
in A:T pairs (Wada and Suyama, 1986). Therefore, if the secondary
structure of RNA has high GC content, it will be more stable. In this
study, precursor sequences of four miRNAs, especially phe-miR5539
and phe-miR172d showed high GC content (Table 2). The minimum
free energy (MFE) is used to measure the stability of RNA secondary
Fig. 2. (a) Pie chart (Molecular function) and (b) Pie chart (Biological process) (Generated by Blast2GO).
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of their pre-miRNA sequence. Longer pre-miRNA sequences have
lower MFEs and form stable secondary structures (Bonnet et al.,
2004). We calculated the MFE of the 6 predicted pre-miRNAs by using
the Vienna RNA package. The MFE values ranged from 16.70 to 33.50
(−kcal/mol) (Table 2). MFE index (MFEI) was calculated for each se-
quence in order to distinguish miRNA from RNAs (Zhang et al., 2006).
The MFEI of predicted pre-miRNAs in P. hexandrum varied from 0.31
to 0.80 (−kcal/mol) (Table 2).
3.2. Target prediction of P. hexandrum miRNAs
miRNAs plays a vital role in regulating the gene expression at the
post-transcriptional level. miRNA binds to target mRNA and blocks
translation. The target gene has sites that are nearly complete comple-
mentary to the miRNA and due to this complementarity, the targets of
plant miRNAs can be identiﬁed by using computational tools. To under-
stand the biological functions of predicted miRNAs in P. hexandrum, we
searched for putative target genes by using the psRNATarget database
(http://plantgrn.noble.org/psRNATarget/) (Dai and Zhao, 2011). The
searchwas carried out by using default parameters. The results obtained
by psRNATarget suggested that miRNAs down regulate the expression
of target genes. The number of putative target genes for each miRNAs
varied from one to six (Supplementary Table 1).
3.3. Annotation
It is essential to understand the functions of putative target
genes which will in turn help us to elucidate the regulatory role of
miRNAs. Blast2GO was used to investigate the predicted target genesof P. hexandrum miRNAs. Gene ontology (GO) analysis suggested that
P. hexandrum miRNAs are involved in various physiological processes
(Fig. 2, Supplementary Table 1).
3.3.1. P. hexandrum miRNAs regulate various metabolic pathways
KEGG analysis unveiled the functions of target genes associatedwith
primary metabolism and secondary metabolite biosynthetic pathways
(Table 3). Among the different targets predicted for phe-miR5532, one
target gene is 2-hydroxyisoﬂavanone dehydratase. This enzyme is in-
volved in isoﬂavonoid biosynthesis pathway (Akashi et al., 2005). Our
study revealed that one of the target genes of phe-miR5538 is protein-
S-isoprenylcysteineO-methyltransferasewhich is involved in terpenoid
backbone biosynthesis. This enzyme catalyzes the post-translational
methylation of isoprenylated C-terminal cysteine residues (Romano
et al., 1998). The enzyme 4-coumarate co-A ligase is predicted to be a
target for phe-miR172i. 4-Coumarate CoA ligase catalyzes the activation
of 4-coumarate and other 4-hydroxycinnamates to the respective
thiol esters. These activated thiol esters are then used as a precursor of
both ﬂavonoids and monolignols (Gross and Zenk, 1974). The
target gene predicted for phe-miR829.1 is chalcone synthase (CHS)
and this enzyme is involved in the biosynthesis of ﬂavonoids.
Flavonoids are plant secondary metabolites which perform various
functions such as pigmentation, UV protection, and pathogen resistance
(Harborne, 1988). CHS catalyzes the condensation of onemolecule of 4-
coumaroyl coenzyme A and three molecules of malonyl-coA to produce
naringenin chalcone (Heller and Hahlbrock, 1980). Naringerin chalcone
serves as a precursor for a large number of ﬂavonoids. Another target
gene is diphosphomevalonate decarboxylase, which was identiﬁed by
binding to phe-miR5021; this enzyme plays a vital role in the terpenoid
backbone synthesis. Diphosphomevalonate decarboxylase catalyzes the
Table 3
KEGG analysis of miRNA targets in P. hexandrum.
miRNA Target gene id Enzyme Pathway
AUGGAAUAUAUGACAAAGGUGG (phe-miR5532) Medtr1g104933.1 2-hydroxyisoﬂavanone dehydratase
[EC:4.2.1.105]
Isoﬂavonoid biosynthesis
GCAGCAAGUGAUUGAGUUCAGU (phe-miR5538) Medtr3g087220.1 Asparagine synthase
(glutamine-hydrolysing) [EC:6.3.5.4]
Alanine, aspartate and glutamate metabolism
Potri.005G089500.1 Protein-S-isoprenylcysteine
O-methyltransferase [EC:2.1.1.100]
Terpenoid backbone biosynthesis
AGGCAGUGGCUUGGUUAAGGG (phe-miR4995) Potri.014G005000.1 Amino-acid N-acetyltransferase [EC:2.3.1.1] Arginine and proline metabolism,
2-Oxocarboxylic acid metabolism, biosynthesis
of amino acids
CUGCAGCAUCAUCAAGAUUCCA (phe-miR172c) POPTR_0001s28390.1 Uncharacterized protein Phenylpropanoid biosynthesis, Limonene and
pinene degradation, Naphthalene and
anthracene degradation,
gamma-Hexachlorocyclohexane degradation
UUGCAGCAUCAUCAGGAUUCU (phe-miR172i) POPTR_0005s26970.1 4-coumarate–CoA ligase [EC:6.2.1.12] Phenylpropanoid biosynthesis, Biosynthesis of
alkaloids derived from shikimate pathway
POPTR_0003s22070.1 4-coumarate–CoA ligase [EC:6.2.1.12],
acetyl-CoA synthetase [EC:6.2.1.1]
Phenylpropanoid biosynthesis, Pyruvate
metabolism, Reductive carboxylate cycle (CO2
ﬁxation)
AUGCAGCAUCAUCAAGAUUCUCA (phe-miR172) Medtr3g114890.1 Ornithine decarboxylase [EC:4.1.1.17] Arginine and proline metabolism, glutathione
metabolism
CAUGUGAUCUCAGGUCGCUCC (phe-miR398) Medtr4g011340.1 Cytochrome c oxidase subunit 5b Oxidative phosphorylation
AGCUCUGAUACCAAAUGAUGGAAU (phe-miR829.1) Medtr5g007723.1 Chalcone synthase [EC:2.3.1.74] Flavonoid biosynthesis
AUGAUGAUGAUGAUGAUGAAA (phe-miR5658) Medtr5g032570.1 Phosphofructokinase [EC:2.7.1.11] Fructose and mannose metabolism,
biosynthesis of alkaloids derived from shikimate
pathway, Biosynthesis of alkaloids derived from
ornithine, lysine and nicotinic acid, Biosynthesis
of terpenoids and steroids, biosynthesis of
alkaloids derived from terpenoid and
polyketide, biosynthesis of alkaloids derived
from histidine and purine, biosynthesis of
phenylpropanoids
AAGUUCGAUUUGUACGAAGGGC (phe-miR6158a) Medtr7g035415.1 Polygalacturonase [EC:3.2.1.15] Pentose and glucuronate interconversions,
Starch and sucrose metabolism
UGAGAAGAAGAAGAAGAAAA (phe-miR5021) Medtr8g090025.2 Beta-phosphoglucomutase [EC:5.4.2.6] Starch and sucrose metabolism
Medtr1g112230.1 Diphosphomevalonate decarboxylase
[EC:4.1.1.33]
Terpenoid backbone biosynthesis
UUAAAAAUGAUAAAAUUACCCU (phe-miR1438) Solyc02g093250.2.1 Caffeoyl-CoA O-methyltransferase
(EC:2.1.1.104)
Phenylalanine metabolism, Phenylpropanoid
biosynthesis, ﬂavanoid biosynthesis, stilbenoid,
diarylheptanoid and gingerol biosynthesis
UCAACAUGGUAUCAGAGCUGGAAG (phe-miR1873) Solyc10g009530.2.1 Dihydroﬂavonol 4-reductase C Flavanoid biosynthesis
UGAGAUAUUGGAGAAAAACAAG (phe-miR2275d) Solyc08g083450.1.1 cytochrome P450
CUUCUAAACAUUUUUUCCCUUA (phe-miR5035) Solyc04g051730.1.1 Cytochrome P450
87S. Biswas et al. / Plant Gene 6 (2016) 82–89conversion of 5-diphosphomevalonate to isopentenyl diphosphate
through the release of CO2 (Bloch et al., 1959). Caffeoyl-CoA O-
methyltransferase (CCoAMT) was targeted by phe-miR1438 and it cat-
alyzes methylation of caffeoyl-CoA to produce feruloyl-CoA. CCoAMT
is also known to to play a pivotal role in monolignol biosynthesis (Ye
et al., 1994). phe-miR1873 was identiﬁed to target dihydroﬂavonol 4-
reductase C, which catalyzes an important step in the biosyntheis of
anthocyanins, tannins and ﬂavanoids involved in ﬂavanoid biosynthesis
(Xie et al., 2004). A Cytochrome P450 has been found to be a target for
both phe-miR5035 and phe-miR2275d.Fig. 3.miRNA expression in P. hexandrum using Cq value analysis.3.4. Expression analysis of P.hexandrum miRNAs
Stem-loop quantitative real time PCR (stem-loop qRT-PCR) was
used to measure the expression levels of some miRNAs in P.hexandrum
calli. Eight conserved miRNAs were chosen for expression analysis.
These miRNAs are involved in secondary metabolite biosynthetic
pathways. The Cq values of the miRNAs ranged from 23.27 to 33.24
(Fig. 3). Lower Cq values represent early detection with higher target
expression, whereas Cq values more than 30 represent a late detection
due to lower copy number of the target. Here, phe-miR1873, phe-
miR2275d, phe-miR5532, phe-miR829.1, phe-miR172i showed early
ampliﬁcation and phe-miR5035, phe-miR1438, phe-miR5538 showed
late ampliﬁcation. The miRNAs with Cq values higher than 30 are con-
sidered as less abundant in P.hexandrum calli.4. Conclusion
The present study represents an analysis of NGS data of the
P. hexandrum cell culture transcriptome. We identiﬁed 60 mature
miRNAs and 6 pre-miRNAs by 454 pyrosequencing. By utilizing differ-
ent bioinformatics tools, we showed that these miRNAs target genes
that are involved in primarymetabolism and secondarymetabolite bio-
synthesis. Our study demonstrated that somemiRNAs could contribute
to the regulation of various plant secondary metabolite biosynthetic
88 S. Biswas et al. / Plant Gene 6 (2016) 82–89pathways. Further research work is needed to discover more novel
miRNAs and their regulatory functions in P. hexandrum.
Supplementary data to this article can be found online at http://dx.
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